INTRODUCTION

I
n recent years, digital mammography is widely replacing screen film systems (SFS). In January 2009, the USA had 6,181 full-field digital mammography (FFDM) units out of a total of 13,241 accredited mammography units. During January 2007, the FFDM units were 2,090 out of 13,548 accredited units, an increase of about 300%. 1 The reason of this "digital revolution" can be found mostly in the intrinsic digital data nature of the images that allows image processing (e.g., contrast enhancement), computed-aided diagnosis, and fast availability of images on the hospital PACS: the processes of image acquisition, storage, retrieval, display, and evaluation are distinct allowing each one to be independently optimized. 2, 3 Furthermore, from a physical point of view, FFDM has a higher detective quantum efficiency and a greater dynamic range with respect to SFS. [4] [5] [6] [7] [8] In FFDM and SFS, benign lesions and background tissue are implicated for undetected breast lesions. 8, 9 Tissue background is probably the main factor limiting cancer detection. 10, 11 In order to give a real 3D view of the breast, while retaining as much as possible the same acquisition geometry of the FFDM, the digital breast tomosynthesis (DBT) was developed.
12-14 This is a cone-beam, limitedangle (15-60°) tomographic technique able to reconstruct the whole breast volume from a sequence of projection-view mammograms. Due to the reduced acquisition angle, reconstruction artifacts are expected and many studies, both on human subject and phantom, are addressed to evaluate and improve the DBT image quality.
The goal of this paper is to compare the performance of a commercially available digital mammographic system working in 2D planar versus tomosynthesis mode. To test tomosynthesis ability of reducing the structured noise, a contrast detail (CD) phantom was embedded between two slabs of confounding "breast-like" material.
MATERIALS AND METHODS
All FFDM and DBT images were acquired on a CE-marked digital unit (Selenia Dimensions Tomosynthesis System, Hologic, Bedford, MA, USA). The system uses a selenium-based detector, enabling X-ray direct detection. The pixel pitch size was 70 μm, and the detector dimensions were 24 cm×29 cm. The acquisition resolution for the FFDM images was equivalent to the pixel pitch size, while the DBT image reconstructed pixel size was approximately 88 μm. The DBT images were reconstructed at 1-mm in-plane spacing (between slices).
Tomosynthesis was performed acquiring 15 low dose projections (one each degree) over a ±7.5°a ngular range in less than 5 s. The X-ray source rotated continuously around the breast with the center of rotation assumed to be coincident with the detector center. The acquisition scheme is reported in Figure 1a .
Phantom Design
A CD phantom was assembled beginning with a Nuclear Associates contrast detail phantom for mammography Model 18-252 (Nuclear Associates, New York, NY, USA). This contrast detail phantom contained a 7×7 matrix of objects. It included 49 circular holes of different diameter (ranging from 4.292 to 0.177 mm) and depth (from 0.050 to 0.853 mm). For the beam X-ray qualities employed and with respect to the mean phantom attenuation, the depth range corresponded to a contrast range between 0.3 and 5%. In terms of lesion simulations, the objects can be approximately categorized into two main groups: the first simulating the detectability of masses (object with diameter greater than 0.5 mm) and the latter simulating calcifications (object with diameter smaller than 0.5 mm). 22 The CD phantom was positioned between two thick layers containing a breast-simulating material. This confounding layer was obtained by properly treating surgical breast specimens. The phantom contained a set of radiopaque markers for image registration. The phantom set was equivalent in attenuation to 5.5 cm breast [23] [24] [25] [26] with about 50% fibroglandular composition at 28 kVp Mo/Mo. Figure 1 shows: (a) the acquisition scheme; (b) a planar image of the phantom with no confounding material (an equivalent Plexiglas slab was used); (c) a planar image of the phantom with confounding material in place; (d) DBT image of the phantom with confounding material.
Acquisition Setup
Following the European Guidelines for Quality Assurance in Breast Cancer Screening and Diagnosis-Fourth Edition, the exposure technique was chosen analogous to that used clinically. 23 In both acquisition modalities (FFDM and DBT), automatic exposure control was selected. The phantom was exposed with detailed plane, positioned at a height of approximately 20 mm above the breast support and perpendicular to the X-ray beam, using the manufacturer's standard breast acquisition parameters and patterns. The Hologic's standard acquisition pattern starts with acquisition of DBT images (3D) and successively, without releasing the compression paddle, a FFDM acquisition (2D). Each sequence of acquisition (3D + 2D) was repeated with the phantom rotated/ translated to obtain different realizations of the noise (images were acquired by rotating to about 0°, 90°, 180°, and 270°the CD slab into the phantom and maintaining the confounding material in the same position, and each angular acquisition was repeated four times with slight translations of the entire phantom).
In the FFDM modality, the unit selected an exposure technique of Mo/Rh at 29 kVp and the use of the system's cellular anti-scatter grid. In DBT mode, the unit selected an exposure technique of W/Al at 32 kVp without grid. The half value layer of Mo/Rh combination was 0.515 mm Al, while the W/Al was 0.554 mm Al. The entrance surface air kerma (ESAK) delivered for FFDM and DBT acquisitions were the same (7.73±0.01 mGy for DBT and 7.63± 0.01 mGy for FFDM). 27 The corresponding average glandular doses were about 2.2 mGy for FFDM and 2.3 mGy for DBT. The ESAK measurements were carried out using the "Multimeter PTW UNIDOS" within the ionization chamber PTW Freiburg TW77337-0080 placed at the "reference point" (i.e., 6 cm from the chest wall and 4.5 cm over the detector). 23 The angular independence of the ionization chamber response was verified.
Image Quality Evaluation
Two different representations of the same object were obtained with the two techniques. The image quality comparison was conducted on the 2D images obtained directly by FFDM versus the DBT image of the slice containing the holes. According to the scope of this paper (to compare the performance of a commercially available digital mammographic system working in 2D versus 3D mode) and because of the DBT's image-intrinsic processed nature, only DICOM "for presentation images" were analyzed. These conditions included, for 2D and 3D, proprietary denoising and histogram equalization algorithms. 3D images were obtained with a filtered backprojection algorithm. The reported results then refer to the real working condition of the system in the clinical setting. The use of different diameters allowed to tentatively consider the resolution of the systems tested. Images were evaluated using an automatic software analysis tool (CD-Eval). The implemented algorithm [28] [29] [30] takes advantage of the mathematical description of the phantom. The known geometry of the phantom (and the phantom holes' relative position) allowed the correct registration also for the smaller details and permitted to determine the signal and noise with adequate precision. For each disk, a square region centered on its center is selected; its side is fixed for all detail size (5.5 mm). In a "perfect" imager, the signal corresponding to a disk would be represented by the function H r À r 0 j j ð Þ, defined as:
Where r is the 2D coordinate vector, r 0 is the vector pointing to the disk center, R 0 is the disk radius, and h is the signal value. A digital version of this function is generated, taking into account the partial volume effect. This latter function is fitted to the 2D experimental data of the selected region by minimizing the χ 2 function. The searching is done using a non-linear least square routine based on the conjugate gradient algorithm. The starting point for the searching is the central pixel of the region where, in principle, the disk center should be located. Registration inaccuracies move, in practice, the disk center a few pixels away from this position. When the minimum is reached, the fitted h value represents the disk average signal level. In the real systems, where blurring occurs, this value is somewhat lower than the maximum value. The fit accuracy is controlled by the χ 2 value and by the residual analysis. The signal difference to noise ratio (SDNR) is defined by 14, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] where S t is the average pixel intensity of the target, S bg and σ bg are, respectively,
the average pixel intensity and the standard deviation of the background pixel intensity and subscript d and c are referred to target diameter and contrast. The background standard deviation was evaluated in the regions surrounding the evaluated detail. The area of this region was about 25 mm 2 for all of the details. A sample of the results obtained with the CD-Eval algorithm is reported in Figure 2 , where, for the largest detail, manually and automatically calculated contrasts (SDNR) are compared. Displayed results refer to the planar acquisition with the homogeneous phantom (Fig. 1b) . The whole results (Table 1) were summarized by averaging all the SDNRs for a fixed diameter, where d and c are referred to target diameter and contrast and
is the number of details per diameter (7). For DBT, to evaluate the image resolution in the Z plane (i.e., in the direction perpendicular to the detector plane) and to select the central DBT slice for SDNR evaluation, we calculated the artifact spread function (ASF) as proposed by Zhang et al. 20, 14 where z 0 is the location of the in-focus plane of the target and z is the location of a plane of interest (off-focus plane).
Statistical Analysis
Distribution characteristics of SDNR and ISDNR measures were evaluated by using the Kolmogorov-Smirnov one-sample test for normality. 33 SDNRs of the same detail (corresponding to a definite diameter and contrast for 16 different realizations) obtained with DBT was compared with SDNRs obtained with FFDM using Student's two-sided paired t (using the paired samples t test with a two-sided PG0.05 being statistically significant). Two different t tests were performed. The first was applied to the SDNR values for both modalities and each diameter/contrast. The second one was applied to ISDNR values. The statistical computations were carried out using SPSS 15.0 (SPSS, Chicago, IL, USA).
RESULTS
All the SDNR distributions passed the Kolmogorov-Smirnov normality test. The ISDNR values passed the normality test, too. A sample of the results is shown in Figure 3 , where FFDM and DBT SDNR are compared. The whole results are reported in Table 1 . Negative t values mean that DBT was better than FFDM. The significance levels are also reported. In order to make more intelligible results presented in Table 1 , the ISDNR values in function of target diameters were reported in Figure 4 with their relative P values. Higher ISDNRs mean that DBT performed better than FFDM and these differences were statistically significant for all the details' diameters with the exception of the smallest one (0.177 mm). Negative t values mean that DBT was better than FFDM. The significance levels are also reported (italic values are statistically significant).
DISCUSSION
In Table 1 , it is worth noting that the SDNR values for the DBT images were higher than the FFDM's for 38 out of 49 details. The DBT's SDNR values were higher for details with diameters greater than 1.485 mm over the entire contrast range covered by the phantom. For details with diameters smaller than 1 mm, the DBT SDNR values remained higher than the FFDM's only for higher contrasts. These differences were statistically significant for 19 details out of 38, probably due to the complex paradigm chosen (breastsimulating material superimposed to signal). For the smallest detail, the presence of negative SDNR values probably depended on the mixing effect of the complex background (breast tissue) and the resolution of the system (with DBT reconstructed pixel size very close to the detail diameter). The ISDNR results showed a dependence on the size of the objects. The ISDNR values in function of target diameters showed higher values for DBT with respect to FFDM. The differences for ISDNR are statistically significant for all the details' diameters with the exception of the smallest one (0.177 mm).
The results discussed above are somewhat depending on the proprietary processing algorithms: this is, however, an unavoidable consequence when dealing with commercial systems and "for presentation" images. The planar configuration of the contrast detail slab did not perfectly mimic a real breast. An actual 3D detail distribution into the phantom would be of great interest and the presence of structured noise, also in the detail plane, could make more realistic the DBT versus FFDM comparison.
CONCLUSIONS
These results suggested that the complex background plays a less important role in lesion conspicuity for DBT than for FFDM. This paper should offer an initial framework for a global image quality evaluation, which takes into account the mixing effects of noise, contrast, and spatial system resolution, typical of a real imaging system. To apply the conclusions of this study to clinical practice, several issues should be addressed, such as further perception studies that are needed to point out any conclusion on tomosynthesis benefits in the visualization of simulated pathologic lesions with respect to FFDM. 
